known for its positive effects on human health due to its mono-unsaturated structure, such as decreasing cardiovascular diseases, blood pressure and also low-density lipoproteins LDL 5, 6 . Oleic acid rich diets were also reported to have a relation with decreased levels of inflammatory diseases 7 . As a main source of oleic acid, there are also some studies against the strong belief of relation between olive oil consumption and obesity 8 . As a result of all these benefits and uses in industry, purification of oleic acid and enrichment in human diet are of great importance. Currently, it is produced by chemical techniques 1 . Physical separation of oleic acid from natural sources have been gaining more interest, however there are limited studies involving in physical separation of this valuable compound due to insufficient evaporation equilibrium data. In a study about biodiesel fuels, Yuan et al. 9 pointed a correlation between experimental and reported data of various pure fatty acid Abstract: Oleic acid is a commercially valuable compound and has many positive health effects. Determining optimum conditions in a physical separation process is an industrially significant point due to environmental and health related concerns. Molecular distillation avoids the use of chemicals and adverse effects of high temperature application. The objective of this study was to determine the molecular distillation conditions for oleic acid to increase its purity and distillation yield in a model fatty acid mixture. For this purpose, a short-path evaporator column was used. Evaporation temperature ranged from 110 to 190℃, while absolute pressure was from 0.05 to 5 mmHg. Results showed that elevating temperature generally increased distillation yield until a maximum evaporation temperature. Vacuum application also affected the yield at a given temperature, and amount of distillate increased at higher vacuums except the case applied at 190℃. A multi-objective optimization procedure was then used for maximizing both yield and oleic acid amounts in distillate simultaneously, and an optimum point of 177.36℃ and 0.051 mmHg was determined for this purpose. Results also demonstrated that evaporation of oleic acid was also suppressed by a secondary dominant fatty acid of olive oil -palmitic acid, which tended to evaporate easier than oleic acid at lower evaporation temperatures, and increasing temperature achieved to transfer more oleic acid to distillate. At 110℃ and 0.05 mmHg, oleic and palmitic acid concentrations in distillate were 63.67% and 24.32%, respectively. Outcomes of this study are expected to be useful for industrial process conditions. Key words: oleic acid, molecular distillation, multi-objective optimization, extraction, olive oil, vapor pressure methyl esters. They predicted normal boiling point of oleic acid using Antoine equation, and reported that oleic acid methyl ester had a predicted normal boiling point of 622 K which is in a good correlation with the reference data. In another study involving vapor-liquid equilibrium of fatty systems, it was achieved to develop a group of contribution methods with including molecular weight as a parameter for vapor-liquid equilibrium behavior of various fatty acids and their ester forms 10 .
Due to the recent environmental and health related concerns, use of chemical techniques is not preferred for the purification of oleic acid. Molecular distillation avoids the use of organic solvents, and it prevents the adverse effects of high temperature application. Besides, it is capable of directly focusing on purification of a single compound. Therefore, the objective of this study was to optimize molecular distillation conditions of oleic acid and observe the evaporation behavior under different temperatures and pressures. In addition to various studies dealing with empirical approaches and predictions, outcomes of this experimental research are expected to be useful for industrial production.
Experimental

Materials
Olive oil was purchased from a local supermarket. Potassium hydroxide, ethanol, hexane, acetic acid and anhydrous sodium sulfate were purchased from Sigma-Aldrich Steinheim, Germany . All reagents were of analytical grade. Oily materials were stored at 4 and kept in dark to avoid oxidation.
Fatty acid production
Olive oil was saponified with KOH using ethanol as catalyst. After removing unsaponified compounds by hexane, acid oil AO was produced by introducing a calculated amount of acetic acid into the saponified part. AO was then treated with Na 2 SO 4 to remove water.
Free fatty acid FFA analysis
FFAs were determined according to AOCS Official Method Ca 5a-40 11 . All results were given in terms of oleic acid.
Gas chromatography GC analysis
FFAs were converted to their methyl esters according to method suggested by Hammond 
Optimization
Experimental data were analyzed to evaluate the effects of temperature and pressure on distillate stream yields and oleic acid amounts in the distillate. Pressure values were transformed into logarithmic scale for linearization, and experimental data were fitted to quadratic equations using Statistica v10 Statsoft, Tulsa, OK .
In literature, the optimization methods could be divided into groups, one of which is the multi-objective optimization also known as Pareto optimization . Multi-objective optimization method focuses on optimizing more than one objective functions simultaneously 13, 14 and there are various usage areas of multi-objective optimization in science 13 . A multi-objective optimization procedure for the given quadratic equations was then performed with ModeFrontier v4.6 Esteco, Trieste, Italy . The objective of this multi-objective constrained optimization study was to maximize the distillate yield and the oleic acid in the distilled samples simultaneously. For this purpose, the given objective functions for yield and oleic acid were combined into a scalar objective function using the arbitrary weight factors. The explicit constraints on the individual objective functions were decided based on the initial optimization runs. This approach enabled a computationally tractable optimization problem.
Objective functions, explicit-implicit variables and constrains were as follows:
The objective functions:
75 Max Oleic acid f Oleic P,T 100 1 0 Max Yield f Yield P,T 100 2
Eqs. 1 and 2 were combined into a scalar objective function using arbitrary weight factors w 1 and w 2 . The arbitrary weight factors were defined in pre-optimization studies to enable that w 1 w 2 1 and their values were decided to determine their sensitivity for the optimal points. Max w 1 . f Oleic P,T w 2 . f Yield P,T 3
Explicit constrains for P, T:
0.05 ≤ P ≤ 5 in mmHg and 110 ≤ T ≤ 190 in 4
To determine the optimum condition, simplex method was used as heuristic optimizer method with maximum number of design evaluations of 500, final termination accuracy of 1E-5 and 25 number of designs initially.
Results and Discussion
Oleic acid is reported to have a normal boiling point of 360 15 . Raising temperature up to such high values always becomes risky especially for oily materials whether there is an applied vacuum or not. Hence, lowering the temperature with the related pressure should always be the first approach for this purpose. Therefore, molecular distillation application was chosen to be a suitable approach to study for distillation of oleic acid at temperatures below 360 to obtain the highest purity of distillate as possible. FFA of DAO was found to be 100 , which is expected as it should be to properly start the experiments without any impurities. Table 1 shows the FFA contents and fatty acid compositions of olive oil, AO and DAO and there were almost no significant changes in their fatty acid compositions.
During distillation, increasing temperature resulted in higher amounts of distillates until an optimum temperature level was reached when all other parameters like feed rate, feed temperature and wiper speed were kept constant. On the other hand, the risk of thermal decomposition increases with elevating temperature. An optimum P-T point was therefore aimed to determine and optimize to increase the yield and oleic acid of distillate. In distillation, the ratio of the distillate to residue is defined to be the split ratio value Eq. 5c . Increasing the split ratio hence leads to the increase in the distillate yield and/or the decrease in the residue. P-T relations and split ratios for each trial were reported in Table 2 . No distillate streams were collected at both 0.5 and 5 mmHg at 110 due to insufficient latent heat gain for one evaporation-condensation cycle. However, very little distillate 5.21 was obtained when 0.05 mmHg vacuum was applied at same temperature. Increasing vacuum at elevated temperatures other than 190 also increased the amounts of distillate streams.
Distillate yields at 150 -0.05 mmHg, 170 -0.05 mmHg and 170 -0.5 mmHg were similar to the distillate yields at 190 . However, each trial performed at 190 would lead to a higher risk of thermal decomposition and degradation than the other applied temperatures. It was also observed that amounts of distillate stream were not dependent on pressure at 190 anymore. Because, as shown in Table 2 and Fig. 1 , almost same amounts of distillate streams were collected under all pressures at 190 .
Fatty acid compositions for all distillation trials were given in Table 3 . FAs except the oleic and palmitic acids, which are the main fatty acids of olive oil, had no significant changes during distillation. These two FAs had an inverse relation; one of them increased, while the other one decreased simultaneously. This relation for residual stream could be clearly seen in Fig. 2 . This fluctuation can be explained by the lower vapor pressure of palmitic acid compared to oleic acid at the same temperature. According to National Center for Biotechnology Information database, vapor pressure of palmitic acid PubChem CID:985 at 25 is 3.8E-7 mmHg 16 while oleic acid PubChem CID:445639 has a vapor pressure of 5.46E-7 mmHg at the same temperature 15 . In other words, evaporation temperature of palmitic acid is lower than oleic acid under the same pressure due to its shorter carbon chain structure. This was the main reason for having higher palmitic acid and lower oleic acid in distillate stream at low distillation temperatures. Amount of oleic acid in distillate stream started to elevate when evaporation temperature reached to evaporation range of oleic acid. According to Fig. 3 Table 4 indicates amounts of distillate and residual streams and their oleic acid contents. Increasing distillation temperature and vacuum resulted in collecting more oleic acid up to 46.04 g in distillate stream. The sum of oleic acid amounts of distillate and residual streams were found in the range of 48.69-51.94 g, which meant no significant variations from an average of 50 g. The results also showed that, the highest oleic acid concentrations up to 80 residual stream after distillations at 130 -0.05 mmHg, 150 -0.5 mmHg and 170 -5 mmHg did not mean that more oleic acid could be collected in terms of mass due to lower Oleic acid content and distillate yield as a function of temperature and pressure were given in Figs. 4a and 4b , respectively. Since the objective was maximizing both oleic acid content and distillate yield simultaneously, distillation conditions in red zones darker regions were more preferable which corresponded to higher temperatures and higher vacuums. The equations for these surface plots were: where p was log P . These empirical quadratic equations Eqs. 6 and 7 were identified in the multi -objective study to maximize simultaneously. In multi-objective optimization, it is possible to have multiple peak points in contrast 17, 18 . For this balance, weight factors are used for combining multiple functions into one single function 17 . In this study, our aim was to separate oleic acid from the mixture with the highest purity as possible. Pre-experiments showed that the most suitable weight factors would be w 1 0.75 for oleic acid and w 2 0.25 for distillate yield. Therefore, we gave priority to function of oleic acid and optimization procedure was set to focus on increasing the purity of oleic acid rather than distillate yield. Then, the best optimum condition for both individual cases was chosen among the feasible results of the Pareto front.
Verification of optimized distillation conditions
Temperature of the optimum condition was calculated as 177.36 and pressure was 0.051 mmHg. At this optimized Additional experimental distillations were then performed to verify the optimization process at the given optimum conditions where distillate yield and oleic acid concentration was 87.66 and 75.39 , respectively. The experimental results were found very close to optimized results. Also, the resulting values from the Eqs. 6 and 7 for the given optimum conditions were 93.1 for distillate yield and 76.7 for oleic acid. The oleic acid content was in a closer range compared to the distillate yield due to choosing the weight factor aiming to increase the oleic acid. It was also important that the optimum point, to simultaneously increase the distillate yield and oleic acid content by directing the focus to the oleic acid, was lower than the high temperature range tried in the experimental design. This is also expected to enable the decrease of the risks for thermal decomposition and degradation.
Conclusion
Yields of distillate streams could be increased by temperature elevation at a constant pressure. However, this is limited by the applied vacuum. Distillate yields no longer increased when temperature raised above 150 under 0.05 mmHg. On the contrary, temperature increment still affected distillate yields at lower vacuums. In addition, pressure dependence of distillation yield was no longer observed at 190 . Oleic acid could not be effectively transferred to distillate stream at low evaporation temperatures due to rapid evaporation of palmitic acid. Results revealed that distillation of these two FAs showed a fluctuating correlation, however sum of them remained constant at 85-87 in all trials. Concentrations of all other minor FAs in the mixture did not significantly change during distillations. Higher temperatures enabled oleic acid to evaporate easily. Maximum concentration of oleic acid was experimentally found 75.82 in distillate stream at 170 temperature and 0.05 mmHg conditions, and minimum oleic acid concentration was obtained 63.67 at 110 -0.05 mmHg where palmitic acid was maximum with 24.32 . In order to maximize both distillate yield and oleic acid concentration in distillate stream, a multi-objective optimization was performed. The estimated optimum value where these two functions go maximum was 177.36 and 0.051 mmHg. In the next step, the optimized conditions were verified as 87.66 of distillate yield and 75.39 of oleic acid. Since there are limited data sets for evaporation line of oleic acid in literature, this study could be a pioneer for further research and reveal P-T relation of oleic acid for obtaining higher purities.
